Previous studies indicate that cGMP is involved in long-term potentiation (LTP). However, the effects of application of tetanus to induce LTP on cGMP content and the mechanisms by which cGMP may modulate LTP have not been reported. The aim of this work was to study the time course of the changes in cGMP content and of the activity of soluble guanylate cyclase (sGC) (the enzyme that synthesizes cGMP) during LTP. Moreover, we also studied how the changes in cGMP affect cGMPdependent protein kinase (PKG) and cGMP-degrading phosphodiesterase and the possible role of these changes in LTP. Application of tetanus induced a rise in cGMP, reaching a maximum 10 sec after tetanus. cGMP content decreased below basal levels 5 min after tetanus and remained decreased after 60 min. Activity of sGC increased 5 min after tetanus and returned to basal at 60 min. Tetanus increased the activity of cGMP-degrading phosphodiesterase at 5 and 60 min. GMP, the product of degradation, was increased at 5 and 60 min. Activation of phosphodiesterase and a decrease in cGMP were prevented by inhibiting PKG with (Böhme et al., 1991; O'Dell et al., 1991; Schuman and Madison, 1991; Haley et al., 1993; Doyle et al., 1996) . LTP is also impaired by compounds that act as quenchers of nitric oxide, such as hemoglobin (O'Dell et al., 1991; Schuman and Madison, 1991) .
Previous studies indicate that cGMP is involved in long-term potentiation (LTP). However, the effects of application of tetanus to induce LTP on cGMP content and the mechanisms by which cGMP may modulate LTP have not been reported. The aim of this work was to study the time course of the changes in cGMP content and of the activity of soluble guanylate cyclase (sGC) (the enzyme that synthesizes cGMP) during LTP. Moreover, we also studied how the changes in cGMP affect cGMPdependent protein kinase (PKG) and cGMP-degrading phosphodiesterase and the possible role of these changes in LTP. Application of tetanus induced a rise in cGMP, reaching a maximum 10 sec after tetanus. cGMP content decreased below basal levels 5 min after tetanus and remained decreased after 60 min. Activity of sGC increased 5 min after tetanus and returned to basal at 60 min. Tetanus increased the activity of cGMP-degrading phosphodiesterase at 5 and 60 min. GMP, the product of degradation, was increased at 5 and 60 min. Activation of phosphodiesterase and a decrease in cGMP were prevented by inhibiting PKG with . Inhibition of sGC [with ODQ (oxadiazolo quinoxalin-1-one) or NS 2028 (4H-8-bromo-1,2,4-oxadiazolo(3,4-d) benz (b) (1, 4) oxazin-1-one)], of PKG (with Rp-8-Br-cGMPS), or of cGMP-degrading phosphodiesterase benzyl]amino}-6-methoxyquinazoline) ] impairs LTP. The results indicate that induction of LTP involves transient activation of sGC and an increase in cGMP, followed by activation of cGMP-dependent protein kinase, which, in turn, activates cGMP-degrading phosphodiesterase, resulting in longlasting reduction of cGMP content.
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Long-term potentiation (LTP) is an activity-dependent form of increased transmission efficacy at synapses. Nitric oxide plays a main role in LTP, as indicated by experiments showing that LTP is eliminated or blocked significantly by inhibitors of nitric oxide synthase (Böhme et al., 1991; O'Dell et al., 1991; Schuman and Madison, 1991; Haley et al., 1993; Doyle et al., 1996) . LTP is also impaired by compounds that act as quenchers of nitric oxide, such as hemoglobin (O'Dell et al., 1991; Schuman and Madison, 1991) .
Nitric oxide activates soluble guanylate cyclase (sGC), increasing the formation of cGMP. There is evidence suggesting that cGMP might be involved in LTP in hippocampus. Several groups have shown that inhibitors of sGC or cGMP-dependent protein kinase (PKG) block the induction of LTP (Zhuo et al., 1994; Blitzer et al., 1995; Boulton et al., 1995; Lu et al., 1999) . However, other groups reported that this pathway is not involved in LTP (Schuman et al., 1994; Selig et al., 1996; Wu et al., 1998) . Son et al. (1998) performed a series of studies and concluded that cGMP plays an important role in LTP under some circumstances but not others. Chetkovich et al. (1993) reported that application of a highfrequency stimulation induces a transient increase in cGMP in area CA1 of the hippocampus. However, as far as we know, the effects of application of tetanus to induce LTP on the metabolism of cGMP and the mechanisms by which cGMP may modulate LTP have not been studied in detail. The aim of this work was to study the effects of induction of LTP in hippocampal slices on the time course of the changes in the content of cGMP and of the activity of sGC (the enzyme that synthesizes cGMP). Moreover, we also studied how the changes in cGMP affect PKG and cGMP-degrading phosphodiesterase (PDE), as well as the possible role of these changes in LTP. It is shown that application of tetanus induces a rapid transient rise of cGMP, followed by a rapid reduction to levels lower than basal values. Tetanus induces a rapid and transient activation of sGC and a sustained activation of cGMP-degrading phosphodiesterase, which is mediated by activation of cGMP-dependent protein kinase.
MATERIALS AND METHODS
Long-term potentiation in hippocampal slices. E xperiments were performed using transverse hippocampal slices (400 m) from male Wistar rats (180 -240 gm), as described previously (Muñoz et al., 2000) . Briefly, the rat was decapitated, and its brain was rapidly removed and dropped into ice-cold standard medium (in mM): 119 NaC l, 2.5 KC l, 1.3 MgSO 4 , 1 KH 2 PO 4 , 26.2 NaHC O 3 , 11 glucose, and 2.5 C aC l 2 (saturated with 95% O 2 and 5% C O 2 ), pH 7.4. The hippocampi were dissected, and transverse slices were obtained using a manual chopper. The slices were maintained in an interface holding chamber at room temperature (21-24°C). After at least 1 hr, some slices were transferred to an open submersion-type recording chamber and perf used continuously (flow rate, 1.5-2 ml /min) with the standard medium equilibrated with 95% O 2 and 5% C O 2 . The temperature was maintained at 31 Ϯ 1°C. Schaffer collateral -commissural fibers were stimulated with electrical square pulses of 50 -100 A, 40 sec, 0.05 Hz (Grass Instruments S88 stimulator) applied through bipolar microelectrodes (5 M⍀) located in a set of fibers in the stratum radiatum. Once the evoked potentials were stable, basal potentials were recorded for 15 min as control evoked potentials. High-frequency stimulation was given to some slices to induce LTP and consisted of a tetanus of three trains (100 Hz, 1 sec) at 20 sec intervals. Evoked field potentials were recorded from CA1 stratum radiatum with low-resistance glass micropipettes filled with Ringer's solution. Recording micropipettes were connected to field-effect transistors, and the outputs were filtered between 1 Hz and 3 kHz and amplified by CyberAmp 380 (Axon Instruments, Foster City, CA). Evoked responses were online digitized at 10 kHz (Digidata 1200 Interface; Axon Instruments). The synaptic strength was calculated by measuring the slope of the initial phase of the field EPSP (fEPSP) using a program developed by J. Bustamante (Ramón y Cajal Hospital, Madrid, Spain). Data were normalized by referring them to the mean values of responses during the initial 15 min period before tetanus application. To assess the effects of different drugs [ODQ (oxadiazolo quinoxalin-1-one), NS 2028 (4 H-8-bromo-1,2,4-oxadiazolo(3,4-d) benz(b)(1,4)oxazin-1-one), Rp-8-bromoguanosine-cGM PS (Rp-8-BrcGM PS), zaprinast, APV, calphostin C, nitroarginine, or 4-{[3Ј,4Ј-(methylenedioxy)benzyl]amino}-6-methoxyquinazoline (MBAM)], these compounds were included in the perfusion medium 30 min before application of tetanus.
Determination of cGMP in hippocampal slices. Slices were treated as described above and were collected from the recording chamber under basal conditions and at different times after application of tetanus. Samples were homogenized immediately and sonicated in the kit (see below) assay buffer containing 4 mM EDTA. Samples were centrif uged (12,000 ϫ g, 5 min), and cGM P was measured in the supernatant using the BIOTR AK cGM P enzyme immunoassay kit from Amersham Biosciences (Arlington Heights, IL). Pellets were suspended in 0.2N NaOH, and protein was measured using L owry's procedure.
Determination of cGMP released to the medium by hippocampal slices. Groups of five slices were treated in the incubation chamber as described above, except that the flux of the medium was stopped just before application of tetanus to allow accumulation of cGM P released to the medium. Five minutes after application of tetanus (or after stopping the flux for basal controls), the slices were collected and placed into assay tubes containing 1 ml of the standard medium. The medium remaining in the chamber when the slices were removed (1.0 -1.2 ml) was collected to measure the cGM P accumulated during the 5 min after application of tetanus. The slices in the test tubes were incubated for 55 min, with continuous equilibration with 95% O 2 and 5% C O 2 . One hour after application of tetanus, the slices were removed, and cGM P accumulated in the medium was determined as above. cGM P in the slices was also measured as above.
Determination of sGC activit y in hippocampal slices. Slices were treated as for determination of cGM P and collected under basal conditions or 5 or 60 min after application of tetanus. Slices were homogenized in ice-cold buffer containing 50 mM H EPES at a pH of 7.4, 4 mM EDTA, 0.01% bacitracin, 50% glycerol, 250 mM sucrose, and 1 mM dithiothreitol. The homogenates were centrif uged for 45 min at 430,000 ϫ g (4°C), and the supernatant was used to measure the activity of sGC. To initiate the enzymatic reaction, samples were mixed rapidly with an equal volume of a buffer containing 50 mM HEPES at a pH of 7.4, 2 mM isobutylmethylxanthine, 4 mM GTP, 60 mM phosphocreatine, 800 g/ml creatine kinase (185 U/mg), 1 mg/ml bovine serum albumin, and 8 mM MnCl 2 . Samples were incubated at 37°C, and duplicate 40 l aliquots were removed from the incubation mixture at 0, 5, and 10 min, pipetted into 100 l of 6% trichloroacetic acid (TCA), and placed on ice. After centrifugation at 12,000 ϫ g for 10 min at 4°C, the supernatants were transferred to new tubes, and the TCA was extracted with diethyl ether until the pH in the aqueous phase was neutral. Subsequently, this phase was lyophilized and reconstituted in cGMP assay buffer. cGMP was measured using the BIOTRAK cGMP enzyme immunoassay kit from Amersham Biosciences.
Assay of cGMP-degrading phosphodiesterase activit y. Phosphodiesterase activity was determined by measuring the amount of inorganic phosphate released from cGM P. GM P hydrolyzed from cGM P was converted to guanosine and phosphate with alkaline phosphatase. T wo slices were homogenized in 0.3 ml of ice-cold medium consisting of 20 mM Tris-HC l at a pH of 7.5, 0.25 M sucrose, 0.1 mM EDTA-K ϩ , 2 mM MgC l 2 , 0.4 mM phenylmethylsulfonyl fluoride, 5 M leupeptin, and 10 mM dithiothreitol. Homogenate (100 l) was added to 300 l of the incubation medium consisting of 40 mM Tris-HC l at a pH of 7.5, 0.1 mM EDTA-K ϩ , 2 mM MgC l 2 , 0.2 mM cGMP, and 7 U of alkaline phosphatase. Samples were incubated for 20 min at 37°C. The reaction was stopped with 0.7 ml of a solution containing 2% ascorbic acid and 10% trichloroacetic acid in water. Samples were centrif uged for 5 min at 3000 ϫ g. The inorganic phosphate in the supernatant was determined by measuring the formation of the blue phosphomolybdous complex at 700 nm as described by Baginski et al. (1974) . Determination of the effect of tetanus on the activit y of cGMP-degrading phosphodiesterase. Slices were obtained and treated in the incubation chamber as described above and collected under basal conditions and 60 min after application of tetanus to determine cGM P-degrading phosphodiesterase activity as above. The effects of zaprinast (0.5 or 2 M) and MBAM (0.5 M), selective inhibitors of cGM P-specific phosphodiesterase, of Rp-8-Br-cGM PS (10 M), an inhibitor of cGM P-dependent protein kinase, of ODQ (10 M) or NS 2028 (0.5 M), inhibitors of sGC, and of APV (50 M), an antagonist of NMDA receptors, were tested in some experiments. These drugs were included in the perf usion medium. Slices were incubated with the drug for 30 min before application of tetanus, and the drugs were maintained in the perf usion medium after tetanus until removal of the slices for determination of cGM P-degrading phosphodiesterase activity.
Determination of GMP in hippocampal slices. Slices were treated as described above and were collected from the recording chamber under basal conditions and at different times after application of tetanus. The slices were frozen immediately in liquid nitrogen and homogenized in 0.6N HC lO 4 . The homogenates were left to stand on ice for 10 min and subsequently centrif uged for 15 min at 14,000 ϫ g at 4°C. The pellet was used for determination of protein according to the method of L owry. The supernatant was neutralized with 30% KOH and solid potassium carbonate. After standing 10 min on ice, KC lO 4 crystals were precipitated by centrif ugation as above, and the supernatant was used for determination of GM P. GM P was measured as described by Keppler and Kaiser (1985) , with the modifications described by Montoliu et al. (1999) . Deproteinized samples (50 l) were incubated with 30 l of reaction mixture containing 164 mM triethanolamine at a pH of 7.5, 5 mM Mg(CH 3 CO 2 ) 2 , 0.8 mM phosphoenolpyruvate, 0.2 mM nicotinamide adenine dinucleotide phosphate (NADH), 83 M ATP, 0.9 g of pyruvate kinase, 0.45 mg of lactate dehydrogenase, and 360 mg of myokinase. Myokinase was added to the assay mixture to remove AM P in the sample before initiation of the GM P assay with guanylate kinase. The reaction (80 l) was started by addition of 2 mU of guanylate kinase. After incubation for 30 -40 min at 25°C, the amount of nicotinic acid dehydrogenase formed was measured fluorimetrically. E xcess NADH was destroyed by adding 2 l of 10 M HC l. Subsequently, the solution was made 6 M NaOH by addition of 15.6 M NaOH and incubated for 60 min at 37°C. The samples were diluted 10 times with distilled water, and fluorescence was measured using an excitation wavelength of 355 nm and an emission wavelength of 460 nm.
Paired-pulse facilitation. Paired-pulse facilitation (Zucker, 1989 ) was given at 0.05 Hz with 25-300 msec intervals. The paired-pulse ratio was calculated as P 2 /P 1 (where P 1 is the slope of the first fEPSP and P 2 is the slope of the second fEPSP).
Statistical anal ysis. The data shown are the mean Ϯ SEM of the number of experiments indicated in each legend to the figures. Statistical significance was estimated with one-way ANOVA and Student's t test, except for Figures 1 and 5 , in which statistical analysis was performed using ANOVA and T ukey -Kramer tests. A value of p Ͻ 0.05 was considered significant.
The experimental procedures have been approved by the Instituto de Investigaciones C itológicas and meet the guidelines of the European Union for treatment and use of experimental animals.
RESULTS
In agreement with previous reports (Boulton et al., 1995; Lu et al., 1999) , we also found that inhibition of sGC with ODQ impairs LTP induced by application of tetanus (Fig. 1 A) , whereas it did not affect the magnitude of the postsynaptic potential induced by the low-frequency control stimulation (Fig. 1C) . Moreover, NS 2028, another inhibitor of sGC, also impairs LTP (Fig. 1 B) . This supports a role for sGC and for cGMP in LTP under the conditions used.
We then studied the effects of tetanus on the content of cGMP in hippocampal slices. As shown in Figure 2 A, application of tetanus induced a rapid rise of cGMP, which reached 132 Ϯ 4% of basal (n ϭ 20) at 10 sec. This was followed immediately by a decrease in the content of cGMP that was 92 Ϯ 4% of basal (n ϭ 18) after 1 min. cGMP remained significantly below basal levels for Ͼ1 hr. At 60 min, cGMP was 78 Ϯ 3% of basal (n ϭ 14). As shown in Table 1 , application of a low-frequency control stimulation that does not induce LTP did not affect the content of cGMP at any time.
We assessed whether the reduced content of cGMP in hip- (n ϭ 28) (n ϭ 8) 50 M APV 98 Ϯ 3 103 Ϯ 8 9 5Ϯ 3 (n ϭ 8) (n ϭ 7) (n ϭ 8) 10 M ODQ 103 Ϯ 3 102 Ϯ 8 105 Ϯ 5 (n ϭ 5) (n ϭ 6) (n ϭ 7) 10 M Rp-8-Br-cGMPS 117 Ϯ 5* 137 Ϯ 10* 96 Ϯ 9 (n ϭ 5) (n ϭ 7) (n ϭ 5) 2 M zaprinast 139 Ϯ 13* 121 Ϯ 6* 105 Ϯ 6 (n ϭ 5) (n ϭ 6) (n ϭ 8) 100 M nitroarginine 96 Ϯ 7 9 9Ϯ 10 93 Ϯ 6 (n ϭ 7) (n ϭ 5) (n ϭ 4) Low-frequency stimulation 94 Ϯ 3 9 6Ϯ 3 9 6Ϯ 3 (n ϭ 6) (n ϭ 6) (n ϭ 7) Control without any stimulation 98 Ϯ 4 9 8Ϯ 5 104 Ϯ 4 (n ϭ 8) (n ϭ 8) (n ϭ 8)
Experiments were performed as in Figure 2 . LTP in rat hippocampal slices was induced as described in Materials and Methods. Slices were incubated with the indicated concentrations of the inhibitors for 30 min before application of the tetanus and taken at 0 and 10 sec and 5 and 60 min after tetanus. Values are expressed as percentage of cGMP content in nonstimulated slices and are the mean Ϯ SEM of the indicated number of samples per point. Values significantly different from cGMP in nonstimulated slices are indicated; *p Ͻ 0.05.
pocampal slices after application of tetanus may be caused by an enhanced release of cGMP to the extracellular medium. As shown in Figure 2 B, LTP was in fact associated with a small but significant decrease in extracellular cGMP (21% at 5 min and 20% at 60 min). The effects of tetanus on the activity of sGC in hippocampal slices are shown in Figure 3A The activity was increased significantly, by 35 Ϯ 4% (n ϭ 7), 5 min after tetanus and returned to basal levels at 1 hr (96 Ϯ 10% of basal; n ϭ 7).
To assess whether activation of sGC is mediated by activation of protein kinase C (PKC), we determined whether an inhibitor of this kinase (calphostin C) is able to prevent tetanus-induced activation of sGC. Treatment with 60 nM calphostin C completely abolished tetanus-induced activation of sGC (93 Ϯ 4% of basal before tetanus; n ϭ 9). The content of cGMP in the same slices in which the activity of guanylate cyclase was measured is shown in Figure 3B . It can be seen that cGMP was reduced significantly, by 29 Ϯ 4%, at 5 min in the same samples in which the activity of sGC is increased. This suggests that the degradation of cGMP must be also increased. To assess this possibility, we measured the effect of tetanus on the activity of cGMP-degrading phosphodiesterase in hippocampal slices.
As shown in Figure 3C , application of tetanus induced a significant increase in the activity of cGMP-degrading phosphodiesterase at 5 min (increased by 42 Ϯ 7%; n ϭ 9) and at 60 min (increased by 36 Ϯ 3%; n ϭ 29). The increase in the activity of the phosphodiesterase was associated with a significant increase in the product of degradation of cGMP: GMP, which was increased significantly, by 40 Ϯ 3% (n ϭ 11) at 5 min and by 88 Ϯ 13% (n ϭ 8) at 60 min (Fig. 3D) .
We subsequently assessed the mechanism by which application of tetanus may lead to activation of cGMP-degrading phosphodiesterase. This enzyme is modulated by phosphorylation by PKG (see Discussion), which in turn is activated by cGMP, the product of sGC. We therefore supposed that the pathway leading from tetanus to activation of cGMP-degrading phosphodiesterase might involve activation of sGC, leading to increased content of cGMP, which would activate PKG, which, in turn, will activate cGMP-degrading phosphodiesterase. To assess whether this is in fact the pathway leading to activation of phosphodiesterase, we tested whether inhibiting the different steps of the pathway prevents the activation of the phosphodiesterase induced by tetanus. Inhibition of sGC with ODQ completely prevented the activation of phosphodiesterase (Fig. 4) . Application of tetanus to control slices increased the activity of the cGMP-degrading phosphodi- esterase by 36 Ϯ 3% (n ϭ 29). However, if the slices are previously perfused with ODQ to inhibit sGC, the activity of phosphodiesterase did not increase after application of tetanus and remained at 98 Ϯ 3% (n ϭ 10) of basal activity (Fig. 4) .
The increase in the activity of phosphodiesterase was also prevented completely in slices treated with Rp-8-Br-cGMPS (10 M) to inhibit PKG (Fig. 4) . Under these conditions, the activity of phosphodiesterase remained at 88 Ϯ 6% of basal (n ϭ 11). Perfusion with zaprinast (0.5 or 2 M) or with MBAM (0.5 M), inhibitors of cGMP-degrading phosphodiesterase, also completely prevented the increase in the activity of phosphodiesterase (Fig. 4) . Application of low-frequency control stimulation did not induce an increase in phosphodiesterase activity (Fig. 4) , thus confirming that this increase is caused by tetanus.
To assess whether this guanylate cyclase-cGMP-dependent protein kinase-cGMP-degrading phosphodiesterase is necessary for proper induction of LTP, we assessed whether blocking the pathway impairs induction of LTP. As shown in Figure 1 , inhibition of sGC with ODQ impairs induction of LTP. It has been reported in the literature that inhibition of PKG impairs LTP (see Discussion). As shown in Figure 5 , inhibition of cGMP-degrading phosphodiesterase with zaprinast or with MBAM also impairs the induction of LTP.
These results indicate that application of tetanus to induce LTP activates the sGC-cGMP-dependent protein kinase-cGMPdegrading phosphodiesterase pathway and that activation of this pathway is necessary for proper induction of LTP.
The effects of the inhibition of the different steps of this pathway on cGMP dynamics are shown in Table 1 . Inhibition of sGC with ODQ completely prevents both the initial increase in cGMP at 10 sec and the subsequent decrease at 5 or 60 min. Inhibition of PKG with Rp-8-Br-cGMPS did not prevent the initial increase of cGMP but rather maintained the increase up to 5 min and prevented the decrease in cGMP at 5 or 60 min. Inhibition of cGMP-degrading phosphodiesterase with zaprinast had the same effects as inhibition of cGMP-dependent protein kinase, did not prevent the initial increase of cGMP but rather maintained the increase up to 5 min, and prevented the decrease in cGMP at 5 or 60 min. Blocking NMDA receptors with APV or inhibition of nitric oxide synthase with nitroarginine prevented all of the changes in cGMP, both the initial increase in cGMP at 10 sec and the subsequent decrease at 5 or 60 min (Table 1) . Moreover, as shown in Figure 4 , blocking NMDA receptors with APV also prevented the activation of phosphodiesterase induced by tetanus.
As a control to assess whether ODQ or zaprinast may be affecting the presynaptic release machinery, we studied the effects of these inhibitors on paired-pulse facilitation. ODQ or zaprinast at 0.5 M did not affect it at all, whereas zaprinast at 2 M reduced the paired-pulse facilitation ratio when the stimulus was given at 50 or 125 msec intervals but not at other interstimulus interval. 
DISCUSSION
Under the conditions used, sGC inhibition with ODQ impaired LTP but did not affect low-frequency stimulation-induced postsynaptic potential (Fig. 1 ). This agrees with reports from Boulton et al. (1995) and Lu et al. (1999) . Zhuo et al. (1994) found that LY83583 (6-anilino-5,8-quinolinequinone) , another sGC inhibitor, also impairs LTP. In contrast, Kleppisch et al. (1999) and Wu et al. (1998) did not find any effect of ODQ on LTP. The reasons for the different effects of ODQ in these studies are unclear. Kleppisch et al. (1999) used mice, and the present study used rats. The different schedule of ODQ administration could also be responsible for the differences (Son et al., 1998) . To further confirm the role of sGC in LTP, we assessed whether NS 2028, another inhibitor of sGC, impairs LTP. As shown in Figure  1 B, this was the case, confirming that sGC inhibition impairs LTP, indicating a role for sGC and cGMP in LTP.
We studied the effects of tetanus in inducing LTP on cGMP content in hippocampal slices. Tetanus induced a rapid increase in cGMP (Fig. 2 A) , reaching a maximum after 10 sec. This transient increase was followed by a rapid decrease. cGMP returned to basal values 30 sec after tetanus, decreased to values significantly below basal values after 5 min, and remained lower than basal after 60 min. The transient cGMP increase agrees with a previous report by Chetkovich et al. (1993) . Changes in cGMP are caused by tetanus and did not occur for low-frequency control stimulation (Table 1) . The initial cGMP increase should be caused by sGC activation and the subsequent decrease by phosphodiesterase activation or by cGMP release to the extracellular fluid.
To assess these possibilities, we measured sGC activity after tetanus. The activity was increased significantly 5 min after tetanus but was not different from basal after 60 min (Fig. 3A) , indicating that tetanus induces a transient sGC activation, followed by a rapid return to basal activity.
Nitric oxide-induced sGC activation may explain most of the initial increase in cGMP. However, this is not the only mechanism by which tetanus activates sGC. The transient nitric oxide increase induced by tetanus cannot be detected in the in vitro assay of sGC activity because nitric oxide is no longer present. The fact that the activity of sGC in vitro is altered suggests that there is some covalent modification of the enzyme remaining in the in vitro assay. A good candidate for this modification is phosphorylation. sGC is phosphorylated (and activated) by PKC (Zwiller et al., 1985; Louis et al., 1993) and by cAMP-dependent protein kinase (Zwiller et al., 1981) . PKC is activated in LTP (Akers et al., 1986; Hu et al., 1987; Lovinger et al., 1987) . It is possible that sGC phosphorylation by PKC may contribute to its activation in LTP. As shown in Results, PKC inhibition with calphostin C abolished tetanus-induced sGC activation. However, the prevention of sGC activation by calphostin C may be a result of an effect on NMDA receptors (López-Molina et al., 1993) , and it is not possible to definitely assign the prevention to decreased PKC-mediated phosphorylation of sGC.
The decrease in cGMP observed after the fast transient initial increase may be caused by enhanced cGMP release to the extracellular space or by activation of phosphodiesterase, which degrades cGMP. Tetanus did not result in increased cGMP release to the extracellular space (Fig. 2 B) . The decrease in cGMP may be attributed to increased activity of cGMP-degrading phosphodiesterase (Fig. 3C) . The increase in GMP (the product of degradation of cGMP) shown in Figure 3D confirms that cGMPdegrading phosphodiesterase is activated after tetanus.
We subsequently studied the mechanism by which tetanus leads to activation of phosphodiesterase. As discussed above for sGC, the fact that activation of cGMP-degrading phosphodiesterase is detected in vitro indicates that tetanus induces covalent modification of the enzyme that remains during in vitro assays. Phosphorylation is also a good candidate for this modification of phosphodiesterase. cGMP-specific phosphodiesterase is phosphorylated by PKG in vitro (Thomas et al., 1990) and in vivo (Wyatt et al., 1998; Corbin et al., 2000) . This phosphorylation results in phosphodiesterase activation (Wyatt et al., 1998; Corbin et al., 2000) , suggesting that phosphorylation of cGMP-specific phosphodiesterase by PKG may be involved in physiological feedback regulation of cGMP levels.
To assess whether tetanus-induced activation of cGMPdegrading phosphodiesterase is mediated by phosphorylation by PKG, we tested whether PKG inhibition with Rp-8-cGMPS prevents phosphodiesterase activation. As shown in Figure 4 , this was the case. Moreover, phosphodiesterase activation is also prevented by sGC inhibition. These results indicate that tetanus leads to transient activation of sGC, leading to an increased content of cGMP, which activates PKG, which, in turn, activates cGMP-degrading phosphodiesterase.
This process is initiated by NMDA receptor activation, leading to nitric oxide synthase activation and formation of nitric oxide, which activates sGC. Blocking NMDA receptors with APV or inhibiting nitric oxide synthase with nitroarginine prevents tetanus-induced cGMP changes (Table 1) . Blocking NMDA receptors also prevents tetanus-induced phosphodiesterase activation. In the presence of APV, tetanus leads to a slight decrease in phosphodiesterase activity after 60 min (81 Ϯ 6%; p ϭ 0.013). sGC inhibition with ODQ prevents all subsequent cGMP changes ( Table 1 ), indicating that sGC activation and transient cGMP increase are necessary to activate PKG and phosphodiesterase.
Inhibition of PKG or of phosphodiesterase did not prevent the initial rise in cGMP but prevented the decrease in cGMP at 5 and 60 min ( Table 1 ), indicating that PKG activation is necessary for subsequent phosphodiesterase activation. Moreover, in the presence of inhibitors of PKG or phosphodiesterase, the initial increase in cGMP is maintained at 5 min, thus confirming that the decrease at 5 min in the absence of inhibitors is caused by PKG-mediated activation of cGMP-degrading phosphodiesterase.
Activation of this sGC-PKG-cGMP-degrading phosphodiesterase pathway is necessary for proper LTP induction, as indicated by the fact that inhibition of any step of the pathway impairs LTP. As shown in Figure 1 and reported by other authors (see above), sGC inhibition impairs LTP.
PKG inhibition also impairs LTP. Zhuo et al. (1994) and Blitzer et al. (1995) showed that PKG inhibitors impair LTP in hippocampal slices. Arancio et al. (2001) showed that injecting a peptide inhibitor of PKG blocked long-lasting potentiation in hippocampal neurons. This indicates that PKG activation is required for induction of LTP.
Inhibition of cGMP-degrading phosphodiesterase with zaprinast or MBAM impairs LTP in hippocampal slices (Fig. 5) . To assess whether ODQ or zaprinast affects the presynaptic release machinery, we assessed whether they affect paired-pulse facilitation. ODQ did not affect this process or post-tetanic potentiation (Fig. 1) , indicating that sGC inhibition does not affect presynaptic events and that all its effects are a result of inhibition of postsynaptic sGC and of the guanylate cyclase-PKG-PDE pathway.
Conversely, zaprinast at 2 M inhibits post-tetanic potentiation (Fig. 5) and decreases paired-pulse facilitation ratio, suggesting
